The 58 Ni(n, γ) cross section has been measured at the neutron time of flight facility n TOF at CERN, in the energy range from 27 meV up to 400 keV. In total, 51 resonances have been analyzed up to 122 keV. Maxwellian averaged cross sections (MACS) have been calculated for stellar temperatures of kT = 5 − 100 keV with uncertainties of less than 6%, showing fair agreement with recent experimental and evaluated data up to kT = 50 keV. The MACS extracted in the present work at 30 keV is 34.2±0.6stat ±1.8sys mb, in agreement with latest results and evaluations, but 12% lower relative to the recent KADoNIS compilation of astrophysical cross sections. When included in models of the s-process nucleosynthesis in massive stars, this change results in a 60% increase of the abundance of 58 Ni, with a negligible propagation on heavier isotopes. The reason is that using both, the old or the new MACS, 58 Ni is efficiently depleted by neutron captures.
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I. INTRODUCTION
The (n, γ) cross section of 58 Ni is of interest for applications in nuclear technologies and astrophysics. In nuclear technology 58 Ni is an important constituent of structural materials. Under neutron exposure, it contributes to the long-term radiation hazard through the production of 59 Ni with a half-life of 7.5 × 10 4 years.
In astrophysics the (n, γ) cross section of 58 Ni is required to characterize the role of 58 Ni in the reaction network of the slow neutron capture process (s-process), which is responsible for about half of the abundances of the elements heavier than iron [1] . The s-process operates during the He and C burning stages of stellar evolution at temperatures between 0.1 and 1 GK (equivalent to thermal energies from kT = 8 to 90 keV). For the determination of the effective neutron capture rate in a stellar environment, the energy differential (n, γ) cross section σ(E n ) has to be known over a wide energy range up to several hundred keV. Folding the differential cross section with the thermal Maxwell-Boltzmann spectrum yields the Maxwellian averaged cross section (MACS) characteristic of the stellar environment.
With an isotopic abundance of 68%, 58 Ni is among the prominent members of the Fe abundance peak and represents a secondary seed isotope for nucleosynthesis in the s-process. The solar Ni abundance has been produced along with the Fe-peak elements by core-collapse supernovae of massive stars [2] as well as by thermonuclear supernovae of type Ia [3] in complete nuclear statistical equilibrium during α-rich freeze-out. According to spectroscopic observations at different metallicities, about 70% of the solar Ni is made by Ia supernovae and 30% by massive stars [4] .
Several measurements of the 58 Ni (n, γ) cross section are available in EXFOR [5] , but only few extend over a wide astrophysically relevant neutron energy range. Recently, a new measurement was performed from 100 eV to 600 keV by Guber et al. at ORELA [6] , indicating that the MACS data based on the evaluated cross sections from major libraries -including ENDF/B-VII.0 [7] -were overestimated by as much as 20%. This difference may be attributed to the fact that -among several other sources of experimental data -ENDF/B-VII.0 relies on the capture measurement by Perey et al. [8] who have used C 6 F 6 detectors, exhibiting higher neutron sensitivity than C 6 D 6 detectors, which have been used by Guber et al. A global decrease in the capture cross sectioncompared to the past evaluations -is also supported by the recent activation measurement by Rugel et al. [9] . Based on these results, a new evaluation was prepared * Corresponding author: pzugec@phy.hr for ENDF/B-VII.1 [10] , including also the high resolution transmission measurement by Brusegan et al. [11] and the new thermal value of Raman et al. [12] . The present work was motivated by the sizable differences between the experimental cross section data of 58 Ni [5] , aiming at a high-resolution measurement from thermal to about 400 keV neutron energy.
II. EXPERIMENTAL SETUP
The radiative neutron capture cross section of 58 Ni was measured at the neutron time of flight facility n TOF at CERN. At n TOF -one of the most luminous neutron sources presently available -neutrons are produced by an intense pulsed beam of 20 GeV/c protons impinging on a massive cylindrical Pb target. Typical beam conditions are a repetition rate in multiples of 1.2 s and a proton pulse width of 7 ns. On average, 300 neutrons are produced per proton, resulting in a total of 2×10 15 neutrons per pulse. Besides 1 cm layer of water used for cooling the Pb target, 4 cm layer of borated water is used for moderating the initially fast neutrons. The final neutron spectrum spans the energy range from thermal to several GeV. The production of 2.2 MeV γ-rays from radiative neutron capture on hydrogen is also minimized by using borated water as the main moderator. Although strongly suppressed by the borated water, the thermal neutron component still ensures a significant capture yield.
An evacuated beam line is connected to the spallation target and moderator. Neutrons, charged particles and intense γ-radiation outside the beam line are attenuated by the massive concrete walls and 3.5 m thick iron shielding. The charged particles from inside the beam line are removed by a 1.5 T sweeping magnet. The neutron beam is shaped by collimators at 137 and 178 m from the spallation target. The aperture of the second collimator was 19 mm, corresponding to the capture mode of the n TOF facility. Behind the experimental area, at about 185 m, the beam line continues for another 10 m to the beam dump, in order to minimize the back-scattering of neutrons. Further details on the facility may be found in Refs. [13, 14] .
The properties and dimensions of the metallic 58 Ni sample, supplied by Chemotrade, are listed in Table I The prompt capture γ-rays were detected by two optimized C 6 D 6 liquid scintillation detectors -a commercial detector (Bicron) that had been modified in order to conform with the specific requirements of the neutron capture experiment [15] , and a custom built version (FZK detector). The scintillation liquid was contained within the cylindrical compartment of 618 ml for Bicron and 1027 ml in case of FZK. These volumes were low enough to provide sufficiently low γ-ray detection efficiency, required for detecting no more than one γ-ray from γ-ray cascades emitted in the neutron capture reactions. The detectors were mounted 8.2 cm upstream of the sample to reduce the effect of in-beam γ-rays, and at a distance of 6.8 cm from the center of the neutron beam line. C 6 D 6 detectors are characterized by exceptionally low neutron sensitivity. The use of carbon fiber for the evacuated beam line and for the supports further minimized the probability for neutron capture by the experimental apparatus itself. In this manner the neutron sensitivity of the experimental setup -which can be defined as the ratio ε n /ε γ between the efficiency ε n for detecting scattered neutrons (through secondary γ-rays produced by their interaction in the experimental area) and the efficiency ε γ for detecting capture events -was kept as low as manageable.
The neutron flux was monitored during the measurement by means of SiMon -a silicon-based neutron beam monitor [16] based on the 6 Li(n, t)α reaction. For determination of the capture yield, the evaluated neutron flux Φ(E n ) described in Ref. [17] was used. With the second collimator in capture mode, the flux of neutrons below 400 keV, integrated over the nearly Gaussian beam profile at the sample position amounts to 2.2 × 10 5 neutrons per pulse.
The electronic signals were recorded by a highperformance digital data acquisition system, based on 8-bit flash-ADC units operating at a sampling rate of 500 MHz. A memory buffer of 48 MB allows us to measure up to 96 ms in neutron time-of-flight, corresponding to a neutron energy of 20 meV. However, data analyses are limited to the region above 27 meV, where the neutron flux has been reliably evaluated. The digitized signals were processed offline by specially developed and optimized data analysis algorithms. A detailed description of the digital data acquisition system may be found in Ref. [18] .
III. CALCULATION OF THE YIELD
The aim of the data analysis is to determine the neutron capture yield of the 58 Ni(n,γ) 59 Ni reaction, which is essential for extracting the pointwise cross section and the resonance parameters.
The energy calibration of the C 6 D 6 detectors was performed with 137 Cs, 88 Y and Am/Be calibration sources, which were also used to verify the stability of the detector response during the 32 days of the experiment. In addition, the energy resolution of the two C 6 D 6 detectors was assessed from these calibration data.
The time-of-flight to energy calibration, that is the determination of the fixed flight path length, was based on the analysis of 197 Au resonances, according to the method described in Ref. [19] .
The well-established pulse height weighting technique, originally proposed by Maier-Leibnitz [20] , was applied to the recorded signals. This procedure ensures that the efficiency ε γ of a detector is independent of the de-excitation pattern of the capture γ-ray cascade. This condition is achieved by off-line modification of the detector response so that it becomes proportional to the detected γ-ray energy: ε γ = αE γ . The weighting function W (E) is determined by minimizing the expression:
with R(j; E) as the detector response to a γ-ray of energy E γ (j). The spectra R(j; E) were obtained by a detailed GEANT4 simulation. Within the simulation code the experimental setup of the two C 6 D 6 detectors and the surrounding apparatus were described in detail. Thus the simulation takes into account the intrinsic and geometrical efficiency for detecting γ-rays as well as secondary effects such as absorption of γ-rays in the sample and the detection of photons scattered by the nearby components. Simulated monochromatic spectra were folded with the experimentally determined energy resolution of the two C 6 D 6 detectors. The cut-off threshold of 200 keV applied during offline analysis of experimental data was also taken into account. The resulting spectra were used to calculate the weighting function, assumed to be a polynomial of 4th degree. A full description of the pulse height weighting technique adopted at n TOF may be found in Ref. [21] .
Three main types of background had to be identified and subtracted. Figure 1 shows the respective contributions to the total yield measured with the 58 Ni sample. The first component, related to the neutron beam and independent of the sample, was determined with an empty sample frame, consisting of a 1.5 µm thick Mylar backing glued to the carbon fiber holder. Another component, caused by scattered in-beam γ-rays, was measured with a Pb sample, but was found to be negligible in this case. The ambient background -caused by activation and natural radioactivity -was measured with the neutron beam turned off. Finally, the background caused by neutrons scattered off the sample itself -referred to as the neutron background in Figs. 1 and 2 -was obtained for the first time at n TOF by dedicated GEANT4 simulation [22] . The approximate magnitude of the neutron background may in principle be estimated experimentally by inserting in the beam a sample of material, such as natural carbon, characterized by a very low capture-to-scattering ratio. Such a measurement, however, does not provide information on the time structure of neutron background. This problem can be circumvented by dedicated simulations, which give access to the wealth of information otherwise inaccessible by experiment, thus allowing for a more precise determination and subsequent subtraction of the neutron background. For the simulation GEANT4-9.6.p01 version was employed, which -for the neutroninduced reactions -relies largely on the tabulated cross section data from ENDF/B-VII.0. A detailed software replica of the experimental area and the materials inside it was implemented in the simulations. The energy deposited in C 6 D 6 detectors, together with the corresponding time information was analyzed in the same manner as the experimental data. The reliability of the simulated neutron background was verified by comparing the GEANT4 results against the yield measured with a highpurity (99,95%) carbon sample of 1 cm thickness and 2 cm diameter. A decade-wise comparison between the experimental and simulated yield is presented in Table II . A good agreement is observed between the measured and the simulated yield for C in the whole neutron energy range of interest, from near-thermal to 400 keV. In partic- ular, the results of the simulations reproduce very closely the measured C yield in the region of 58 Ni resonances, i.e. above 1 keV, thus providing high confidence on the reliability of the GEANT4 simulations. On the other hand, a meaningful comparison cannot be performed below a few eV, since the measured C yield at low energy is heavily affected by the β-decay of 12 B from the 12 C(n, p) reaction. Since 12 B has a half-life of 20 ms, the 6.35 MeV electrons from its decay can reach the C 6 D 6 active volume within the same neutron bunch, ∼100 ms wide, at times corresponding to low reconstructed neutron energy (from thermal to a few eV). For this reason, the neutron background at low energy can only be reliably estimated from the simulations.
All background components were properly normalized before subtracting them from the data measured with the 58 Ni sample.
The capture yield as a function of neutron energy was calculated as:
where S w (E n ) and B w (E n ) are the total sample related and background counts, respectively, to which a weight- ing function has been applied, making the efficiency to detect a capture event proportional to the excitation energy E c of a compound nucleus (E c being related to the neutron separation energy S n = 8.99 MeV of 59 Ni). Since the sample dimension was smaller than the spatial beam profile, φ(E n ) is the neutron flux intercepted by the sample. It was obtained by multiplying the evaluated neutron flux Φ(E n ), described in Ref. [17] , by the simulated energy dependent beam interception factor [13] . The absolute yield normalization factor N , accounting for several experimental effects, was evaluated by means of the saturated resonance technique, applied to the 4.9 eV resonance of 197 Au [23] . Figure 2 shows the yield measured at n TOF, compared with the one calculated on the basis of ENDF/B-VII.0 and ENDF/B-VII.1 resonance parameters. The evaluation from ENDF/B-VII.0 is also representative of other major libraries such as JENDL-4.0, JEFF-3.1.2, CENDL-3.1 and ROSFOND-2010 [24] . The difference between two consecutive versions of the ENDF library and their comparison with the n TOF data will be discussed below.
IV. DATA ANALYSIS A. Thermal point
The experimental data were fitted by a multi-level R-matrix code SAMMY [25] , which also accounts for the resolution function of the neutron beam, Doppler broadening of capture resonances, multiple scattering and self-shielding effects. A reasonable fit for energies up to 10 keV was obtained by considering two resonances with negative energy, as adopted in the latest versions of the evaluated data libraries, as well as suggested by Mughabghab in his latest compilation [26] . In combination with the transmission data, the negative resonances may be used for characterization of the bound states of a nucleus. The energy and neutron width of the two resonances were fixed at the value adopted from the ENDF/B-VII.1 parameters database -accessed via JANIS interface [27] -while the capture width was left free. The following parameters were found to best fit the n TOF data:
n ) = (−11674 eV, 1.6 eV, 4262.7 eV)
The result of the fit is shown in Figure 3 . Since the fit slightly overestimates the yield at low energy, it was not used to extract the cross section at thermal energy (25.3 meV). To this end, a different method was used instead, consisting in fitting the cross section with an 1/v behavior only in the region between 27 meV and 50 meV, and extrapolating the fit to the neutron energy of 25.3 meV. The result of such a fit is shown in the panel (b) of Figure 3 by the green line. The value extracted in this way for the thermal cross section at 25.3 meV is 4385 ± 22 stat ± 137 sys mb, close to the recent result from Raman et al. [12] , and in agreement within 0.4% with the recommended value of 4370 mb from Mughabghab [26]. The systematic uncertainty originates from the uncertainties on the neutron flux (2% at thermal energies), weighting function (2%) and the beam interception factor (1.3%). The statistical error was determined from the uncertainty on the fit parameters. The significance of the thermal value is related to nickel being an important structural material of interest for current and future nuclear reactors. A comparison with previous measured and evaluated thermal values is listed in Table III , where the n TOF results are compared against evaluations from ENDF/B-VII.0 and ENDF/B-VII.1. In addition, the available experimental data from the EX-FOR database [5] are listed, most of them reported as Maxwellian averages at 25.3 meV. We remind the reader that, for a pure 1/v dependence of the capture cross section, the Maxwellian average corresponds to σ(kT ). At thermal energies the major modifications in ENDF/B-VII.1 are mostly related to the results from Raman et al. [12] , who reported a significantly lower capture cross section, relative to the previous version of ENDF. In conclusion, our results at thermal energies confirm the latest ENDF/B-VII. Up to 122 keV neutron energy, a total of 51 resolved resonances were identified and analyzed. Figure  4 presents an example of several resonances fitted by SAMMY. The associated capture kernels:
were calculated from the neutron Γ n and radiative capture Γ γ widths. For the neutron spin I n = 1/2 and the 58 Ni ground state spin I58 Ni = 0, the statistical spin factor g s :
depends only on the resonance spin J. The orbital angular momentum , resonance spin J and initial values for the resonance widths Γ n and Γ γ were adopted from the ENDF/B-VII.1 parameters database [10] . Out of 56 resonances listed therein up to 122 keV, 5 could not be resolved, i.e. distinguished from the fluctuations in the baseline of the n TOF yield due to the very small associated kernels. These are the resonances at 24.77 keV, 35.06 keV, 48.47 keV, 83.97 keV and 92.73 keV. In addition, no new resonances were found. In the course of the fitting procedure the largest of the widths was kept fixed -with exception of cases when Γ n and Γ γ were comparable -while the smaller one was left free in order to accurately reproduce the resonance shapes. The sources of the systematic uncertainty are the neutron flux (2% for the flux within 27 meV -200 eV, 3% within 200 eV -8 keV, 5% within 8 keV -80 keV, 4% within 80 keV -1 MeV), weighting function (2%) and the beam interception factor (1.3%). Table IV lists the capture kernels for all 51 resolved resonances. Together with those, the already mentioned resonances at negative energy were included in the global SAMMY fit, to account for the 1/v dependence of the cross section at low energy, which is partially related -as discussed later -with s-wave Direct or DirectSemidirect Capture [28] components. Figure 5 shows the ratios between kernels determined in this work and those evaluated from ENDF/B-VII.0 and ENDF/B-VII.1. A weighted mean of 0.81 ± 0.17 is obtained in case of ENDF/B-VII.0, while for ENDF/B-VII.1 the weighted mean of 1.02 ± 0.13 indicates an overall agreement within 2% with the latest evaluation. The distributions of kernel ratios are also shown.
C. Unresolved resonance region
The energy range above 122 keV was treated as an unresolved resonance region, using the code SESH [29] to extract the capture cross section σ(E n ) up to E n = 1 MeV. Although a resonant structure is still evident in the yield up to 400 keV, as shown in Fig. 6 (black histogram), this region was treated as unresolved due to the degradation in the energy resolution. The code SESH was used in order to reconstruct the smoothed capture cross section within this range. The set of optimized SESH parameters could then be used to extend the neutron capture cross section up to 1 MeV. The yield obtained with optimized parameters is also shown in Fig.  6 (red curve). The good reproduction of the average behaviour of the cross section obtained with the SESH fit is demonstrated by the comparison with the capture yield averaged over a wider energy bin, also shown in the figure (blue histogram).
V. MAXWELLIAN AVERAGED CROSS SECTIONS
Using the resonance parameters obtained by SAMMY fits below 122 keV and the cross section from SESH above 122 keV, Maxwellian averaged cross sections (MACS):
have been determined over the full range of temperatures relevant for astrophysical purposes. An important remark concerns the presence of a Direct Capture (DC) and Direct-Semidirect (DSD) Capture [28] component. Theoretical calculations [6] predict that such a component plays an important role at low energy in this isotope. In particular, s-wave neutrons, characterized by an energy dependence close to 1/v behavior, may account for more than 30% of the thermal cross section value, while a much smaller contribution is expected for p-wave neutrons at higher energy. It should be considered that the low energy DC and DSD components can be accounted for by the negative energy resonances, as essentially done in the evaluations. In the present work, since the capture yield was determined with good accuracy down to thermal neutron energy, and a reasonable global fit was obtained from thermal energy to a few keV, it was not [6, [31] [32] [33] [34] relative to the n TOF data.
necessary to consider in the MACS an additional contribution of the s-wave DC or DSD capture component, calculated from theoretical models, as done in Ref. [6] . We remark that, although conceptually different, the two methods used for the determination of this non-resonant component in the MACS are practically equivalent. The only missing correction regards the DC component of pwave neutrons. The calculations based on the theoretical model from Ref. [30] indicate that p-wave neutrons contribute less than 1% to the extracted MACS at all temperatures. Figure 7 shows the MACS from several earlier works [6, [31] [32] [33] [34] relative to the n TOF data. The present results confirm Guber's results around kT = 30 keV, a temperature domain of special importance for the stellar nucleosynthesis. However, for temperatures above 70 keV the n TOF results show a deviation larger than 5% relative to Guber's data. Figure 8 shows the present MACS compared to those evaluated from ENDF/B-VII.0 and ENDF/B-VII.1 (the values of the MACS are also reported in Table V) studied with a full 25M stellar model with an initial metal content of Z =0.02 [35] . The s-process nucleosynthesis is provided by the post-processing NuGrid code MPPNP [36] . The final abundance distribution exhibits an effect that is essentially limited to the abundance of 58 Ni itself. Due to the smaller MACS values compared to KADoNiS v0. 3, 58 Ni is less efficiently depleted, leading to a 60% higher final abundance in the s-processed material. However, the overall effect of the new 58 Ni values on the s-process abundance pattern is marginal, mostly because the 58 Ni abundance is much smaller (4.3% [37] ) compared to the dominant 56 Fe seed.
VI. CONCLUSIONS
The radiative neutron capture cross section of 58 Ni has been measured in a wide energy range from 27 meV up to 400 keV, taking advantage of the high instantaneous neutron flux available at the n TOF facility at CERN, together with the low neutron sensitivity of two liquid C 6 D 6 scintillation detectors. Analyzing the highresolution capture data by means of the R-matrix code SAMMY, a total of 51 resonances have been identified up to 122 keV. Completing the analysis of the unresolved resonance region by the code SESH, the Maxwellian averaged cross sections have been calculated for the temperature range kT = 5-100 keV of astrophysical importance. Our data confirm the most recent findings by Guber et al. [6] within kT = 10 -60 keV range. The decrease of the new MACS causes an increase of 60% of the final s-process abundance of 58 Ni. However, this change does not propagate to heavier s-process isotopes, since 58 Ni is in all cases efficiently destroyed by neutron capture.
